High Quantum Efficiency Ultrananocrystalline Diamond Photocathode:
  Negative Electron Affinity Meets $n$-doping by Quintero, K. J. Pérez et al.
ar
X
iv
:1
40
7.
51
13
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 18
 Ju
l 2
01
4
High Quantum Efficiency Ultrananocrystalline Diamond Photocathode:
Negative Electron Affinity Meets n-doping
K.J. Pe´rez Quintero,1, 2 S. Antipov,3, 4 A.V. Sumant,1, ∗ C. Jing,3, 4 A.D. Kanareykin,3 and S.V. Baryshev3, 4, †
1Nanoscience and Technology Division, Argonne National Laboratory, Argonne, IL 60439, USA
2Physics Department, University of Puerto Rico,San Juan, PR 00931, USA
3Euclid TechLabs, Solon, OH 44139, USA
4High Energy Physics Division, Argonne National Laboratory, Argonne, IL 60439, USA
We report results of quantum efficiency (QE) measurements carried out on a 150 nm thick
nitrogen-incorporated ultrananocrystalline diamond terminated with hydrogen; abbreviated as
(N)UNCD:H. (N)UNCD:H demonstrated a QE of ∼10−3 (∼0.1%) at 254 nm. Moreover,
(N)UNCD:H was sensitive in visible light with a QE of ∼5×10−8 at 405 nm and ∼5×10−9 at
436 nm. After growth and prior to QE measurements, samples were exposed to air for about 2
hours for transfer and loading. Such design takes advantage of a key combination: 1) H-termination
inducing negative electron affinity (NEA) on the (N)UNCD and stabilizies its surface against air
exposure; and 2) N-incorporation inducing n-type conductivity in intrinsically insulating UNCD.
The photocathode is a key component of the electron
injectors in synchrotrons, free electron lasers, linear accel-
erators (linacs), and ultrafast electron systems for imag-
ing and diffraction. Choice of a specific photocathode is
application specific, and there is always a trade-off: QE
vs. lifetime/robustness vs. response time vs. emittance.
It is generally accepted that if a technology providing a
high QE photocathode operating at moderate vacuum
conditions existed, it would greatly benefit the field of
photoinjectors R&D.1
Semiconductor photocathodes still hold records in
terms of QE. These are low work function (WF) al-
kali/multialkali based materials that are used in a form
of thin films to absorb light and emit electrons,2,3 or in
a form of ultrathin layers to activate traditional metal
photocathodes.4 Activation of heavily doped p-Si or p-
GaAs surfaces with alkali Cs has led to a special pho-
tocathode type with negative electron affinity (NEA).
NEA is a unique circumstance, when electrons injected
to the conduction band can be emitted directly into the
vacuum. Such NEA photocathodes are bright electron
sources because of their high QE and low emittance,
which decreases as the NEA value increases.5 The NEA
value is a measure of how the low vacuum level locates
with respect to conduction band minimum. Neverthe-
less, the main drawback of alkali-based photocathodes
remains the same – they require a vacuum base pressure
≤10−10 Torr for synthesis, handling and operation.
Wide bandgap (>5 eV) semiconductors are another
class of NEA materials. This includes AlN, BN, and
diamond.6,7 In diamond, NEA can be either an inher-
ent surface property8 or an engineered one9 via surface
treatment in a hydrogen environment. Since the first
experiment which demonstrated a remarkable quantum
yield from a NEA diamond surface under vacuum UV
illumination,8 prototypes of solar blind high efficiency
photocathodes for space research detectors have been
introduced.10 High purity H-terminated synthetic dia-
mond has been found to be an excellent electron am-
plifier, where the primary electrons from a standard QE
photocathode (e.g. Cu) accelerated to a keV energy get
multiplied upon transmission through a thin diamond
film. Chang et al.11 have demonstrated gain coefficients
as high as 200. In most previous applications, high pu-
rity (no dopants) diamonds or boron doped (p-type con-
ductivity) diamonds were used. Thus vacuum UV wave-
lengths (<200 nm) were targeted. Boron p-doping did
not play a significant role12 as the boron level is only 0.4
eV above the top of the valence band in diamond.
To take advantage of NEA and sensitize diamond to-
wards the near UV and visible spectral ranges, and thus
make it of interest to the photoinjectors R&D commu-
nity, one should introduce electrons in diamond. A way
to do so would be n-doping. Relatively recent progress
in n-doping of micro-, nano- and ultranano-crystalline
diamond offers a few options: sulfur (activation energy,
εa, 0.4 eV
13), phosphorous (εa=0.6 eV
14), and nitrogen
(εa=1.7 eV
15). Given that the electron affinity promoted
by hydrogen can be as low as –1 eV (NEA value=1 eV),16
all aforementioned dopants are capable of promoting vis-
ible light photo-excitation. To date, there is one report
experimentally showing that (N)UNCD:H is sensitive to
the visible range. Sun et al.17 reported a measurable ex-
ternal quantum effect at room temperature between 400
and 480 nm; but no QE values were presented. With
this letter, we report proof-of-concept QE measurements
suggesting that n-doped UNCD:H is an emergent air re-
sistant NEA photocathode for photoinjectors. QE mea-
surements were carried out in the near UV range 250-270
nm, standard for many photocathode applications, and
in visible light at 405 and 436 nm. The cathode was ex-
posed to air for about 2 hours for transfer and loading;
QE was measured at base pressure ∼10−6 Torr.
(N)UNCD films were synthesized on a polycrystalline
molybdenum substrate in a 915 MHz microwave-assisted
plasma chemical vapor deposition (MPCVD) reactor
(Lambda Technologies Inc.) Growth of UNCD on for-
eign substrates requires a nanodiamond (ND) pre-seeding
treatment prior to deposition to promote growth in the
MPCVD. Slurry of ND particles from Ada´mas Technolo-
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FIG. 1: (a) SEM surface topography and (b) Raman spectrum
typical for (N)UNCD films on molybdenum.
gies was used. The average particle size of the seeds
was 5-10 nm. Mo substrates were immersed into the ND
slurry and subject to ultrasonic treatment in the solu-
tion for 20 minutes. Subsequent growth of the (N)UNCD
films was under following conditions: substrate temper-
ature 850 ◦C; operation chamber pressure 56 Torr; mi-
crowave power 2.3 kW; individual gas flows in the pre-
cursor gas mixture were 3 sccm CH4/160 sccm Ar/40
sccm N2. Fig.1a shows a scanning electron micrograph
of a deposited film taken by an FEI Nova 600 NanoLab.
A uniform microstructure, typical for UNCD, was ob-
served. Fig.1b represents a Raman spectrum recorded
by a Renishaw InVia Raman Microscope using a 633
nm laser line. The shoulder around 1140 cm−1 cor-
responds to the ν1 (C-H in-plain bending) vibrational
mode of trans-polyacetylene and the shoulders at 1340
and 1540 cm−1 correspond to the D and G bands of di-
amond, respectively.18,19 The films had a conductivity
comparabale with that of Mo substrates. As a final step,
the samples underwent to H-termination procedure for
15 minutes. It was accomplished in the same MPCVD
reactor at substrate temperature of 750 ◦C. H2 gas flow
was 200 sccm at chamber pressure 15 Torr, and the mi-
crowave power was 2 kW. After that, the samples were
left to cool down to room temperature naturally.
Measurements of the synthesized samples were per-
formed in a commercial Kelvin probe (KP) instrument
(KP6500 from McAllister Technical Service) with cus-
tom in-house modifications so that the WF and QE can
be obtained in the same experimental run. Before or
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FIG. 2: (a) A schematic top view of the modified KP cham-
ber; (b) measured WFs of (N)UNCD before and after H-
termination (two measurements for each case), and a copper
WF as a reference.
after termination, all samples were taken from the syn-
thesis chamber and transported to the KP under ambi-
ent conditions; total exposure time was about 2 hours.
The KP chamber in all measurements was evacuated to
a base pressure of ∼10−6 Torr. Fig.2a represents a car-
toon of the experimental setup. A voltage of +300 V
was applied to a small aluminum anode plate, and a cur-
rent of photoelectrons to the ground was collected by the
same source/ammeter (Keithley 6487) with a threshold
sensitivity of ±10 fA. The anode plate was introduced
into a KP chamber at an angle such that it is does not
interfere with light beam and a tip assessing WF. A sam-
ple holder actuator and the KP tip are both retractable,
and ideal positions can be found for QE and WF mea-
surements independently. WFs for (N)UNCD samples
were determined by KP with respect to its calibrated tip
(WF=4.6 eV) before and after they underwent H-plasma
treatment. A sample holder made of standard polycrys-
talline copper was used as a reference. All deduced WF
values are plotted in Fig.2b. WF dependence on time is
a standard representation for KP to estimate the signal’s
noise and drift to get a confident WF measurement.
QE measurements were performed using an arc broad-
band Hg lamp (Spectra-Physics/Newport Oriel Instru-
ments series 66900) as a light source. A light spot size
from the source was adjusted by an aperture and fo-
cused by a lens; spot size on sample’s surface was ∼1
mm2. A number of Newport filters were used to define
a spectral dependence of (N)UNCD QE before and af-
ter H-termination, namely, 254, 313, 365, 405, and 436
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FIG. 3: Summary of the experimental QEs: one measurement
before and two measurements after termination. Some refer-
ence data are plotted to clearly emphasize the QE effects in
the (N)UNCD:H system. Black and red dotted lines are WFs
determined for (N)UNCD and (N)UNCD:H by KP respec-
tively. A QE of a Cu sample holder (its WF is in Fig.2b) used
as a reference (red solid star).aRef.[2]; bRef.[21]; cRef.[24].
nm. The output power of the lamp at each filtered wave-
length was assessed by a calibrated power meter (Ophir
Nova II), equipped with a calibrated photodiode (Ophir
PD300-UV). The photoelectron current was recorded at
each wavelength, and QEs were calculated. All numbers
are compiled and plotted in Fig.3.
As expected, upon n-doping and H-termination,
UNCD sensitivity shifted toward near UV/visible wave-
lengths. There are two main features in Fig.3 we would
like to stress. The first feature is QE in the band 250-
270 nm which is of common interest to the photocathode
community. QE of the originally grown (N)UNCD was
5.3×10−6. Given the measured WF 3.6 eV, it is a quite
moderate effect compared to the single crystal Cu (100)
QE of 5×10−5 with WF=4.2 eV.21 Remarkably, the QE
was enhanced by a factor of 140 upon H-termination,
setting (N)UNCD at the low boundary of a QE range
of alkali-based photocathodes. Secondly, diamond films
were sensitive in visible blue. KP results suggest that in
all cases photoemission was in the sub-WF regime. For
(N)UNCD at 365 and 405 nm and for (N)UNCD:H at 436
nm, this seems a plausible conclusion. It can be explained
by emission from grain boundaries with a lowered WF,
caused by the local environment,22 accounted also for
strong field emission from flat polycrystalline diamond
surfaces.23 Photoemission from (N)UNCD:H in visible
blue at 405 nm is most probably a regular threshold pro-
cess – photon energy of 3.06 eV versus WF 3.07±0.01 eV
and 3.15±0.01 eV as determined by KP (light green and
olive solid lines in Fig.2b). In any of the 2 regimes, in-
corporation of nitrogen lead to sustainable currents from
UNCD surfaces in the blue range.
In conclusion, by combining hydrogen passivation of
the surface, lowering the work function, and nitrogen in-
troducing electron states in the band gap close to the con-
duction band minimum, a proof-of-concept was demon-
strated that ultrananocrystalline diamond is an emergent
robust high efficiency photocathode. This was accom-
plished by measuring a QE dependence on wavelength of
primary photons. (N)UNCD:H films of 150 nm thickness
had a QE of ∼10−3 at 254 nm, and were sensitive in the
visible range (between 405 and 436 nm). It is reasonable
to expect that QE in near UV and sensitivity in the visi-
ble, toward 532 nm, can be further increased. A route to
achieve this requires detailed investigation and optimiza-
tion of: 1) thickness for the best photon absorption; 2)
defect engineering in the band gap to find the best trade-
off between donors’ activation energy and donors’ concen-
tration effecting simultaneously the density of states and
electron lifetime; and 3) defect engineering on the surface
to avoid any upward band bending and to achieve work
functions compared with n-dopant’s activation energies.
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